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Study  region:  The  Niger  River  Basin  in West  Africa.
Study focus:  The  paper  reports  an  integrated  approach  capable  to elucidate  impacts  of
environmental  degradation  on streamﬂow  and  precipitation  at the watershed  scale.  The
approach  combines  trends  and  spatial  analyses  of  long-term  streamﬂow,  precipitation,  and
leaf  area  index  LAI.  Speciﬁcally,  I target  the  Niger  River Basin,  then  I consider  monthly  pre-
cipitation  series  over the  catchment.  I also consider  data  from  8  streamgages  selected  along
the  river.
New  hydrological  insights  for  the  region:  Over  the  period  1961–2012,  I  conduct  a  change
point  analysis  of  the streamﬂow  and  report  two sub-periods  1961–1982  and  1983–2012.  A
comparison  of precipitation  and  streamﬂow  during  these  two  time-slices  shows  meaningful
changes. I describe  a  Kernel  density  analysis  of streamﬂow  and yield  a probabilistic  estimate
of  discharge  anomalies  along  the  river.  Later,  I evaluate  seasonal  trends  of  precipitation  and
streamﬂow.  The  analyses  bring  out critical  alterations  in  time  and  space.  However,  these
alterations  seem  to  foreshadow  critical  environmental  degradations  occurring  across  the
watershed.  I  consider  LAI  series  derived  from  MODIS  images,  then  I examine  and  discuss
trends in  land-cover  dynamics  in  relation  with  the patterns  in precipitation  and  streamﬂow.
This  late  analytical  step  yields  a holistic  picture  of  the ongoing  alterations  in  the  Niger River
Basin.  Finally,  I  emphasize  suggestions,  valuable  for a comprehensive  water  resources  and
environment  management.
© 2015  The  Author.  Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
At large watersheds scale, alterations of terrestrial water cycle are increasingly reported, and addressed as consequences
f climate change (Easterling et al., 2000). However, precipitation and streamﬂow patterns are often the resultant of a
ide range of biophysical and social systems, which interact in time and space (Tidwell et al., 2004). In general, precipita-ion represents the main contributor of catchments’ water budget. However, the variability of precipitation characteristics
direction, amount, frequency) are often inﬂuenced by the biophysical features of the watershed (Sohoulande Djebou et al.,
014; Oguntunde et al., 2014; Changnon and Vogel, 1981). In natural environments, changes of precipitation patterns are
xpected to reﬂect on stream discharges; but in reality, the extent of the impact is more complex. Meanwhile, different
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metrics and methods are proposed to address ﬂow regime alterations (Yin et al., 2014; Shiau and Wu,  2008; Richter et al.,
1998). For instance, Richter et al. (1998) suggested the range of variation approach RVA, which was  employed to assess
the magnitude of hydrologic alterations in different regions of the globe. Although the hydrologic alteration metrics are
useful for rivers and ecosystems restoration, they do not offer a holistic understanding of the causality. Often, anthropogenic
factors are systematically pertained as the causes of rivers and ecosystems alterations. Whereas this is true in many cases,
human activities are not the only factors undermining ecosystems stability. Indeed, global changes are likely to nurture
complex interactions with atmospheric moisture circulation particularly at the scale of large watersheds. In that context,
the inclusion of the functionality between land-cover dynamics, atmospheric moisture and streamﬂow alterations, may
help improve rivers and ecosystems management. This is the main contribution of this paper, which describes an integrated
approach to assessing precipitation and streamﬂow alterations. The approach developed is reported through a case study
of the Niger River Basin.
Located in West Africa, the Niger River Basin is shared by 10 African countries and its water resources sustain the social and
economic life of several communities (Ogilvie et al., 2010). A large part of the watershed is located in the desert ecosystems
of the Sahel. Several communities in the Sahel region rely completely on the water from the Niger River. This status confers
to the Niger River Basin a speciﬁc connotation, critical for social and economic stability in West Africa. Precipitation in the
Niger River Basin is primarily regulated by the West African monsoon (Lebel and Ali 2009; Sultan and Janicot 2003). However,
the moisture driven by the West African monsoon is supplied by various sources. Gong and Eltahir (1996) indicated that
water vapor originating from the Atlantic Ocean and the East Africa region contributes, respectively, to 23% and 17% of
the annual precipitation in West Africa. Meanwhile, they emphasized that local convective vapor represents the dominant
source of moisture in West Africa and it accounts for 27% of the annual precipitation (Gong and Eltahir, 1996). Indirectly,
this denotes the crucial role of terrestrial hydrology and land-cover dynamics on local climates in the Niger River Basin. The
combined effects of hydrological alteration and land-cover changes are expected to exert signiﬁcant disturbances on local
ecosystems (Menz et al., 2002). However, the literature on the Niger River Basin hydrology is rather poor and several of the
studies conducted virtually report only a portion of the complex interactions and changes affecting the water cycle. Under
these conditions, a good understanding of the local hydrological systems remains a major step toward a wise water and
environment management in the Niger River Basin. This concern justiﬁes the choice of that watershed, then the outcomes
of the study may  be practically valuable for the region.
The approach developed, employs long-term streamﬂow, precipitation, and leaf area index series. It aims to elucidate
patterns in time and space. However, the methodology may  be consistently applied with different regional watersheds and
the results may  help to improve management strategies developed for water improving, restoring or securing. Beside the
introduction, the content of this paper is structured into ﬁve sections. The ﬁrst two  sections describe the study region, the data
and the method employed; then comes the results section, which reports changes and trends of streamﬂow, precipitation,
and land-cover across the Niger River Basin. The last two sections of the paper, report the discussion and conclusions of the
study.
2. Data and study region
The Niger River Basin covers 2.27 million km2 (Oguntunde et al., 2014), sustains the livelihood of millions of people and is
shared by 10 countries of Africa including Algeria, Benin, Burkina Faso, Cameroon, Chad, Ivory Coast, Guinea, Mali, Niger and
Nigeria. The Niger River is 4200 km long and ﬂows from Guinea; traverses Mali, Niger and ﬁnally Nigeria where it reaches the
Atlantic ocean via the Niger delta. The Niger River Basin spans within the latitudes 4◦N–24◦N and the longitudes 11◦W–16◦E.
(Fig. 1). In its Malian part, the basin is characterized by a large ﬂoodplain known as the Mali wetland or the Niger inner delta
(Grippa et al., 2011). The Mali wetland is made of several swamps and water masses which episodes of ﬂooding and drying up
rhyme with the rainy cycle. The Mali wetland represents a particular zone of intense evaporation in the Sahel (Grippa et al.,
2011) and its speciﬁcities will be examined in the results and discussion section of this manuscript. The Niger River Basin
encompasses diversiﬁed ecosystems extending from the rainy forests in the south to the desert ecosystems of the Sahel. The
majority of the population living in the Niger River Basin relies on rain-fed agriculture, husbandry and ﬁshing (Ogilvie et al.,
2010). Several West African communities are established along the Niger River. In the Sahel region (Niger and Mali), the
river represents the primary water source for the local communities. However, a large portion of this water originates from
the humid part of the watershed (Guinea, Ivory Coast, Benin). Due to its inter-states status, early in 1960’s, the Niger River
Commission (later renamed Niger Basin Authority in 1980) was  created and efforts were consented to implement consensual
water resources management in the catchment. However, the reality of climate change and the increasing population, suggest
a continuous reconsideration of environmental issues necessary for adequate water management strategies. This study uses
an integrated approach and addresses streamﬂow and precipitation alterations within the basin. The results contribute to
the challenge for a sustainable water resource and ecosystem management in the Niger River Basin.
The study employed three types of variables including streamﬂow, precipitation, and leaf area index LAI. I utilized monthly
streamﬂow and precipitation series over the period 1961–2012. The precipitation data are 0.5◦ × 0.5◦ gridded time series
processed by the Climate Research Unit (Harris et al., 2014) and released by the British Atmospheric Data Centre. I obtained
long-term stream discharge series from the Global Runoff Data Center. Speciﬁcally, 8 streamgages were considered along
the Niger River (Fig. 1). The selected streamgages present distinct discharge characteristics (Table 1) and are located in
diversiﬁed climatic zones. Later, I collected 13 year monthly LAI series from the Earth Observation System of the National
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Fig. 1. Map  of the Niger River Basin showing, the ﬂow pathways, and the selected streamgage stations.
Table 1
Comparing annual discharge over the two time slices 1961–1982 and 1983–2012 for the streamgages on the Niger River. CV = / is the coefﬁcient of
variation,  and  are respectively the estimated mean and standard deviation.
ID Station name Country Latitude Longitude Average monthly discharges
1961–1982 1983–2012
 (m3/s) CV  (m3/s) CV
1 Faranah Guinea 10.03 −10.75 83 1.01 48 1.25
2  Koulikoro Mali 12.87 −7.55 1383 1.26 984 1.21
3  Kirango Mali 13.72 −6.05 1316 1.20 749 1.33
4  Nantakara Mali 14.53 −4.22 1067 1.01 678 1.15
5  Dire Mali 16.27 −3.38 992 0.81 669 0.96
6  Tossaye Mali 16.93 −0.58 1088 0.66 540 0.97
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t7  Ansongo Mali 15.67 0.50 1070 0.62 641 0.94
8  Niamey Niger 13.52 2.08 909 0.75 700 0.82
eronautics and Space Administration (EOS–NASA). Leaf area index is a measurement of the structural property of vegetation
anopy (Zhang et al., 2008). It indicates the equivalent of the above ground plants leaves displayed over unit surface. LAI
s relevant for land-cover dynamics analysis. The EOS–NASA retrieves LAI series using satellites images from the Moderate
esolution Imaging Spectroradiometer MODIS aboard the Terra satellite. The MODIS’ LAI provides a reasonable estimate
f vegetation dynamics in diversiﬁed ecosystems (Zhang et al., 2008). The LAI data employed are 1◦ × 1◦ gridded with a
onthly temporal resolution. However, due to the time limitation of MODIS products (Terra was  launched in spatial orbit
n December 1999), only the time-period 2000–2012 was  considered for the vegetation dynamics analysis. The next section
f the paper, describes the methodology applied in the study.
. Method
The methodology applied comprises several analytical components wisely integrated in order to yield a holistic under-
tanding of the impacts of environmental changes on the water cycle. This integrated approach can be summarized into three
tages. The ﬁrst stage addresses streamﬂow alteration. It includes a change point analysis, a trend analysis associated with a
robabilistic assessment of streamﬂow anomalies. The second stage of the approach uses trends and spatial analyses, then
ddresses precipitation alteration and land-cover dynamics. The third stage is analytical and discusses the results. This later
tage aims to bring out a comprehensive picture for the complex functionality of the watershed biophysical components. In
rder to ease the reading of this paper, I found appropriate to explicitly present the methods used for the change point and
he probabilistic analyses as sub-sections. Later, I reported the method utilized for the trends and spatial analyses.
574 D.C. Sohoulande Djebou / Journal of Hydrology: Regional Studies 4 (2015) 571–582
3.1. Procedure for the change point analysis
The procedure adopted is iterative and combines cumulative sum charts and bootstrap analyses. It is explicitly described
by Taylor (2000) and later by Samdi and Zghoul (2006). The change point analysis can be resumed in two main steps.
Given an original ﬂow discharge series F = [F1, F2, . . .,  Fn], the ﬁrst step consists in an estimate of the cumulative sum series
CS = [CS1, CS2, . . .,  CSn] such that CSi = CSi−1 + (Fi − F¯) while CS0 = 0 and i varying from 1 to n. This ﬁrst computation yields
a value CV = / where CSmax and CSmin represent the maximum and minimum values of CS. The second step aims to
evaluate the conﬁdence level of change points in the original data. At that stage, bootstrap analysis is utilized to generate
N randomly reordered samples of F. Later, the process of the ﬁrst step is applied to each of the N bootstrap samples, which
ﬁnally yield N values CS1diff, CS
2
diff, . . .,  CS
N
diff. Each of the bootstrap sample value CS
j
diff (j varying from 1 to N) is compared
to the CSdiff value of the original sample. Let identify by N′ the number of bootstrap samples having their CS
j
diff value less
than CSdiff (the one for the original sample). The conﬁdence level that a change point occurred during the time is given by
CL =
(
N′/N
)
× 100. In this research, I considered N = 105 which is reasonable (Taylor, 2000). Through the process, I identiﬁed
two time-periods 1961–1982 and 1983–2012 relevant for the streamﬂow analysis. However, the detail of the analyses are
reported in Section 4.1.
3.2. Procedure for the probabilistic analysis
At this level, I ﬁrst estimated the probability distribution of monthly discharges for each of the 8 streamgages. I considered
the two time-slices 1961–1982 and 1983–2012 resulting from the change point analysis. For each time-slice and individual
streamgage station, a Gaussian Kernel (Jann, 2007; Seaman and Powell, 1996) was  employed to estimate the probability
density function of monthly discharges. The Kernel density approach is robust and offers the opportunity for a reasonable
estimate of probability density particularly for multimodal variables such as the Niger River monthly discharges. Given a
monthly discharge series F = [F1, F2, . . .,  Fn], the kernel estimator gˆ(.) is given by Eq. (1).
gˆ(f ) = 1
nh
n∑
i=1
K
(
f − Fi
h
)
(1)
where n is the series size and  its standard deviation; Fi is any random stream discharge value; h is the smoothing parameter
given by h = 1.06n−1/5 (Silverman, 1986). K(.) represents the Gaussian Kernel deﬁned by Eq. (2); f stands for the center of
any subset with an inter range width h such that Eq. (3) is satisﬁed.
K(f ) = 1√
2
Exp(− f
2
2
) (2)
∫
K(f )df = 1 (3)
3.3. Procedure for the trend and spatial analyses
In this study, the procedure for trend and spatial analyses is primarily employed to address precipitation (0.5◦ × 0.5◦
gridded time series) and LAI (1◦ × 1◦ gridded time series). Actually, I addressed precipitation and LAI series for each of
the grids falling within the boundary of the Niger River Basin (total of 782 grids for precipitation and 216 for LAI). With
individual variables (precipitation, and LAI) I performed trend analysis using the Mann–Kendall test (Hamed, 2008). With
the gridded data (precipitation and LAI), the trends were estimated at individual grid cells then the results were mapped
for the entire watershed. However, I utilized the Mann–Kendall and examined trends in the streamﬂow series as well. I
evaluated the Kendall’s  values using Eq. (4). For instance, let us suppose a ﬂow discharge time series of size n, given
by F =
{
[F1, date1], [F2, date2], . . .,  [Fn, daten]
}
. The Kendall’s  estimate for F requires the identiﬁcation of nc and nd the
numbers of concordant and discordant pairs, respectively; t and u the number of tied values within date and F, respectively.
Given [Fi, datei] and [Fj, datej] a random pair of elements from F such that 1 ≤ i < k ≤ n, if the differences (datei − datek) and
(Fi − Fk) have the same sign then the pair is considered concordant otherwise it is said discordant.  However, the pair is said
tied in the case one of the differences is zero.
Kendall′s tau = nc − nd√
[n(n − 1)/2 −
∑
ti(ti − 1)/2][n(n − 1)/2 −
∑
ui(ui − 1)/2]
(4)
Primarily, I considered this process to evaluate the long-term trends in streamﬂow, precipitation, and LAI.
However, I also distinguished seasons then I estimated seasonal trends. Note that the Niger River Basin, encom-
passes diversiﬁed climatic zones and the characteristics of seasons vary more or less across the region (Nicholson,
1980). However, several regional studies including the West African region, addressed seasonal patterns by
targeting four seasons namely DJF = December–January–February, MAM  = March–April–May, JJA = June–July–August,
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Table  2
Conﬁdence level (CL) estimates for the change point occured in the Niger River ﬂow. The CL estimates are based on bootstrap analyses; 105 bootstrap
samples were drawn. For each streamgage, the more likely year corresponding to the change point is identiﬁed using the root mean error estimator (Taylor,
2000).
ID Station CSdiff CL Estimated year of the change point
1 Faranah 12.75 99% 1984
2  Koulikoro 8.88 99% 1981
3  Kirango 10.55 99% 1982
4  Nantakara 14.62 99% 1980
5  Dire 18.37 99% 1982
6  Tossaye 13.18 99% 1978
7  Ansongo 19.97 99% 1983
8  Niamey 19.67 99% 1981
Fig. 2. Charts of the cumulative sum, performed as part of the change point analyses on the the Niger River ﬂow. In this plots, the discharge series are priorly
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2nit  normalized, then cumulative sum procedure is evaluated. The labels indicate the streamgages: 1 = Faranah, 2 = Koulikoro, 3 = Kirango, 4 = Nantakara,
 = Dire, 6 = Tossaye, 7 = Ansongo, 8 = Niamey.
ON = September–October–November (Balas et al., 2007; Kutzbach and Otto-Bliesner, 1982). Likewise, I considered these
our seasons in the analyses. The main ﬁndings of the study are detailed in the next sections.
. Results
.1. Change point analysis of the river ﬂow
Using the procedure presented in Section 3.1, I performed the change point analysis on the discharge series along the
iger River. Table 2 reports the estimated years when the change point occurred at each of the 8 streamgages. In addition,
able 2 summarizes the outcomes of the bootstrap analysis. Fig. 2 presents the cumulative sum charts for these streamgages.
owever, the ﬂow series of Fig. 2, have been unit normalized in order to ease a comparative analysis.
In sum, the change point analysis brought out that critical changes occurred in the Niger River discharge at different years
epending on the station. However, all these change points are clustered in a narrow time frame with a median date which
s 1982. Base on this changing point analysis, I considered the year 1982 and distinguished two sub-periods for streamﬂow
nalysis (1961–1982 and 1983–2012). Later, these two sub-periods were employed in the analysis of precipitation patterns.
owever, with the land-cover analysis (Sub-section 4.4), the LAI data are available only from 2000, then the purpose of using
005 as threshold was to have two sub-periods of equal length.
576 D.C. Sohoulande Djebou / Journal of Hydrology: Regional Studies 4 (2015) 571–582Fig. 3. Percentage changes of the probability of discharge occurrence along the Niger River. The percentage of changes is estimate based on the two time
slices  1961–1982 and 1983–2012. The streamgages represented are: 1 = Faranah, 2 = Koulikoro, 3 = Kirango, 4 = Nantakara, 5 = Dire, 6 = Tossaye, 7 = Ansongo,
8  = Niamey.
4.2. Streamﬂow alteration
This sub-section presents the magnitude of ﬂow changes along the Niger River. The approach used here is based on the
probabilities analysis procedure described in Section 3.2. Based on the Gaussian Kernel estimator, I evaluated the probability
of occurrence over the entire range of streamﬂow. The probabilities values were computed separately for the two  time-slices
1961–1982 (prob) and 1983–2012 (prob′). Then I calculated the percentage change of probability  between these two
time-periods using Eq. (5).
Fi (%) =
prob′(Fi) − prob(Fi)
prob(Fi)
× 100 (5)
Fig. 3 reports these changes of discharge probabilities at each of the 8 streamgages selected along the Niger River. From
Fig. 3, it is noticeable that the paradigm is very similar for all the streamgages. Compared to the period 1961–1982, it
is clear that the probabilities of occurrence of high discharges have consistently decreased during the period 1983–2012.
Subsequently, low ﬂows become more frequent justifying the positive changes of the probabilities of occurrence reported for
the low values of discharge (Fig. 3). However, the magnitude of the changes differs depending on the location. This indicates
a disparity of streamﬂow alterations along the river course.
At a seasonal basis, I considered monthly discharge series then I evaluated the Kendall’s  at each streamgage for the
seasons DJF, MAM,  JJA and SON. Results of the analysis are reported in the Table 3. During DJF, a consistent decreasing trend
is noticeable in the discharges for each of the stations. Similarly, the trends are negative during SON but are not signiﬁcant
at the two farthest streamgages (7 and 8). This overall tendency of ﬂow seems particularly relevant and it announces the
importance of exploring eventual connections with precipitation and land-cover in the Niger River Basin.
4.3. Precipitation alteration
In the Niger River Basin, the precipitation gradient increases southward and displays an inverse relationship with the north
latitudes (Fig. 4a). For instance, I estimated the latitudinal trend of the precipitation gradient by using the annual precipitation
and the corresponding latitude values from 782 grids encompassed within the boundary of the basin. Fig. 5 explains this
relationship and shows a strong correlation (R2 = 0.81) between average annual precipitations and the latitudes in the Niger
River Basin. However, the morphology of the watershed seems potentially beneﬁcial for water resources distribution in
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Table  3
Mann–Kendall trends evaluated using the seasonal discharge series at the streamgages along the Niger River Basin. The seasons considered are:
DJF  = December–January–February; MAM  = March–April–May; JJA = June–July–August and SON = September–October–November.
ID Station DJF MAM  JJA SON
Kendall’s  Kendall’s  Kendall’s  Kendall’s 
1 Faranah −0.12* 0.02 −0.20** −0.27**
2 Koulikoro −0.12* 0.43** −0.04 −0.22**
3 Kirango −0.30** 0.05 −0.08 −0.30**
4 Nantakara −0.30** 0.08 −0.07 −0.39**
5 Dire −0.37** −0.17** 0.05 −0.22**
6 Tossaye −0.46** −0.49** −0.27** −0.16**
7 Ansongo −0.29** −0.33** −0.08 −0.09
8  Niamey −0.30** −0.27** 0.19** −0.04
* Signiﬁcant with p-value < 0.05.
** Signiﬁcant with p-value < 0.01.
Fig. 4. Precipitation gradient across the Niger River Basin and the estimated changes in precipitation total. The percentage change of precipitation P is
given  by Eq. (6).
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tig. 5. Relation between annual precipitation and latitude across the Niger River Basin. This plot considers precipitation and latitude values for 782 grids
ncompassed within the boundary of Niger River Basin.
he watershed. Indeed, both up-stream and down-stream regions of the watershed are particularly humid with annual
recipitation above 1200 mm (Fig. 4a). Meanwhile, the transitional region of the watershed is particularly dryer and located
n the Sahel desert. Several communities living in this transitional part of the Niger River Basin rely primarily on the water
arvested from the up-stream region (relatively humid). In that context, climate variability and precipitation alteration at
he up-stream may  lead to critical changes, which may  affect the hydrology and the environment along the course of the
578 D.C. Sohoulande Djebou / Journal of Hydrology: Regional Studies 4 (2015) 571–582Fig. 6. Trends in seasonal precipitation across the Niger River Basin. The trends are estimated using the Man–Kendall test with p-value = 0.05. The seasons
considered are: DJF = December–January–February; MAM = March–April–May; JJA = June–July–August and SON = September–October–November.
river. Fig. 4b presents the estimate of percentage changes in annual precipitation P over the two  time-slices 1961–1982 and
1983–2012. The calculation of the percentage changes of precipitation (%ChangeP) is given by Eq. (6):
%ChangeP =
(P¯1983−2012 − P¯1961−1982)
P¯1961−1982
× 100 (6)
From Fig. 4b one can observe that the southern region of the watershed is dominated by a decrease (−5% to 0%) of annual
precipitation. Locations with positive changes are clustered in the north part of the watershed. However, these percentages
of change in the Sahelian part of the basin, correspond to slight amounts of annual precipitation.
Fig. 6 reports a trend analysis of seasonal precipitation. For the period 1961–2012, I considered monthly precipitation dur-
ing the seasons DJF, MAM,  JJA and SON, then I conducted the Mann–Kendall trend analysis. For most parts of the watershed,
the DJF period is customarily dry and it scarcely encounters rainfall events. In overall, the trend’s maps depict discontinuous
patterns across the basin. During the SON season, precipitation in the Niger River Basin is dominated by a negative trend.
In contrast, precipitation during MAM  is predominated by a positive trend. However, the negative trend of SON, and the
positive trend of MAM  are intercalated by JJA which is overbalanced by non-signiﬁcant trends. Note that the West African
monsoon onset often occurs during MAM,  its peak occurs during JJA and its demise happens during SON (Lebel and Ali,
2009; Sultan and Janicot, 2003). Thereby, one may  suspect critical drifts of the monsoonal setting period, probably due to
climate change (Giannini et al., 2008; Balas et al., 2007; Ojo et al., 2003). In addition, the magnitude and spatial distribu-
tion of precipitation alterations appears heterogeneous across the Niger River Basin. The implications of these alterations
on water resources are critical for the social and environmental stability in the Sahel. The next sub-section examines the
magnitude of environmental degradation in the basin and it aims to help understanding the potential inter-connections
with the alterations in streamﬂow and precipitation.
4.4. Land-cover degradation
Within the boundary of the watershed, I proceeded the Mann–Kendal trend analysis on LAI time series of individual
grid cells. In addition, I used Eq. (7) then I estimated the corresponding average change of LAI between the sub-periods
2000–2005 and 2006–2012. The results of these two  analyses are presented in Fig. 7.
%ChangeLAI = 100 ×
LAI2006−2012 − LAI2000−2005
LAI2000−2006
(7)
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Fig. 7. Trend analysis of leaf area index (LAI) across the Niger River Basin. I considered monthly one degree gridded LAI series derived from the MODIS
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2mages over the period 2000–2012. (a) Presents the result of the Mann–Kendall test with p-value = 0.05 while (b) presents the percentage change of average
onthly LAI between 2000 and 2005 and 2006–2012.
Fig. 7 shows that the changes of LAI in the Niger River Basin are much localized and clustered along the river main stream.
ctually, most of the populated communities living in the basin are established along or nearby the river and its tributaries
e.g., Niamey in the republic of Niger; Mopti, Segou and Bamako in the republic of Mali). This portends an anthropogenic
rigin, for the areas with signiﬁcant LAI trends. For instance, in Fig. 7a, the main area of decreasing trend is observed around
he streamgage station 8 (located at Niamey the capital city of the Niger Republic). In that speciﬁc case, one may  reasonably
uspect urbanization as the cause of LAI alteration in the location. Antagonistically, the area with signiﬁcant increasing
rends observed around the stations 3, and 4 (Fig. 7a) is probably a signal of ongoing reforestation efforts in the region.
The features displayed by the map  of LAI trends (Fig. 7a) seem consistent with the map  of percentage change of LAI
Fig. 7b). One can notice that the area with positive LAI trend which surrounds the stations 3–5 (Fig. 7a) matches with the
rea corresponding to a positive change of LAI (>5%). Likewise, the patch of negative LAI trend surrounding the streamgage 8
Fig. 7a) corresponds to an area with a negative change of LAI (<−5%). However, a large part of the watershed did not display
igniﬁcant trends. This did not necessary mean that the local vegetation covers are not affected (Sohoulande Djebou and
ingh, 2015). In spite, the overall trends and changes of LAI, portend the magnitude of environmental degradation occurred
uring the 13 year period (2000–2012). Of course this environmental degradation are not free of consequences on the water
esources. Thus, the next section of this paper, synthesizes the results, discusses, and establishes a comprehensive links
etween LAI degradation and the alterations observed in the terrestrial water cycle.
. Synthesis and discussion
Watersheds often sustain a complex set of biophysical and social systems, which interact and evolve over a range of spatial
nd temporal scale (Tidwell et al., 2004). This seems true for the Niger River Basin. Indeed, the heterogeneous distribution
f land-cover in the basin, rhymes with a potential interactive functionality with the terrestrial water cycle (Grippa et al.,
011; Gong and Eltahir, 1996). By integrating three stages of analysis, this study examined precipitation and streamﬂow
lterations in the Niger River Basin, and brought out a comprehensive connection with land-cover trends.
The ﬁrst stage of the approach successfully revealed critical changes of ﬂow discharges along the Niger River. These
hanges occurred within a narrow time frame with 1982 as median date. I concluded on two distinct sub-periods 1961–1982
nd 1983–2012. The probabilistic analysis of monthly discharges conﬁrmed the pertinence of the change point analysis.
ndeed, the analysis exhibited critical streamﬂow alterations between the two  sub-periods. Sub-section 4.3 reported a sharp
recipitation gradient, which increases from north to south in the Niger River Basin. This spatial pattern of precipitation
istribution appeared consistent with the West African monsoon circulation. Actually, the mechanism of the monsoonal
irculation is described with a northward latitudinal gradient across the West Africa region (Sultan and Janicot, 2003).
owever, the estimates of changes in annual precipitation between the two  time-slices 1961–1982 and 1983–2012, showed
 discontinuous spatial pattern across the watershed. In that situation, it may  not be reasonable to establish a straightforward
ink between the changes in precipitation and the monsoonal circulation i.e., it is not consistent to systematically attribute the
recipitation alteration to eventual changes of the monsoonal circulation. Results obtained with the seasonal precipitation
rend analysis showed discontinuous patterns as well and seemed to reinforce the idea that the precipitation alteration is not
 systematic consequence of the monsoon. However, the monsoonal system cannot be ignored here as it represents the main
recipitation driving force in the region (Sultan and Janicot, 2003; Gong and Eltahir, 1996). Yet, 27% of the moisture driven
y the West African monsoon originates from convective vapor resulting from local evapotranspiration (Gong and Eltahir,
996). The rate of this local evapotranspiration depends on the local land-cover dynamics. Therefore, a comprehensive
nalysis of the observed trends of precipitation requires the inclusion of vegetation patterns (Sohoulande Djebou et al.,
015).
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Recently, Im and Eltahir (2014) employed a theoretical model and demonstrated potential impacts of land-use change
on the water cycle in the Niger River Basin. Speciﬁcally, they showed that an increase of irrigated lands is likely to induce
substantial increase of precipitation. This substantiates the important role of local evapotranspiration on precipitation in
the basin. In Sub-section 4.4, I analyzed trends in leaf are index and lightened the magnitude of the changes across the Niger
River Basin. Indeed, over the period 2000–2012, trends in LAI were minor and statistically non-signiﬁcant for the large part
of the watershed. However, few areas with signiﬁcant positive and negative trends were observed in the watershed. These
areas with signiﬁcant trends were discontinuous but clustered along the Niger’s stream. Such observation, suggested an
anthropogenic origin for the LAI trends, since several communities in the basin are established along the river. The areas
with positive LAI trends are probably the results of reforestation and conservation efforts locally implemented in the Niger
River Basin. From Fig. 7a, one can note that the main area with positive LAI trend is located around the streamgages 3–5.
Actually, these stations 3–5 (Kirango, Natankara and Dire) are sited in the Mali wetland (Grippa et al., 2011). As described
earlier in Section 2, the Mali wetland is made of swamps and small lakes which evaporation contributes signiﬁcantly to
the moisture circulation in the Sahel. In the arid and semi-arid ecosystems of the Sahel, the Mali wetland represents a
ﬂoodplain suitable for agriculture and irrigation. Interestingly, the Mali wetland offers as well opportunities for ecosystems
restoration and reforestation in the Sahel. The actual reforestation actions in the region may  explain in part the positive
trends and changes of LAI brought out by Fig. 7a and b. Meantime, the main area with negative LAI trend is located around
the streamgage 8, which corresponds to Niamey, the capital city of Niger Republic. Hence, the origin of that negative LAI
trend is probably related to a demographic pressure.
Whereas the afore-described interactions between the land-cover and precipitation are meaningful, a sufﬁcient insight
of the water cycle system requires the understanding of the streamﬂow patterns. Therefore, it remains prominent to make
realistic connections between environmental degradation and streamﬂow patterns at the watershed scale. Zhang et al. (2008)
emphasized on the possibility to describe the rate of evapotranspiration activities at a catchment level based on the long-
term streamﬂow. Yet, the comparison of the probabilities of discharges occurrence between the two time-slices 1961–1982
and 1983–2012, revealed meaningful streamﬂow alterations along the Niger River. Particularly, the probabilities of having
high discharge values have consistently decreased at all the streamgages. At a seasonal basis, decreasing trends of monthly
discharges are observed along the river, particularly during SON and DJF. These anomalies seemed to foreshadow important
changes which occurred in the basin over the time. If this scheme is true for the Niger River Basin, then it corroborates with
Giertz and Diekkrüger (2003) who showed that land-cover degradation reduces consistently interﬂow, and subsequently
alters terrestrial hydrology. Likewise, several authors reported signiﬁcant effects of environmental changes on the water
cycle in West African catchments (Bormann and Diekkrüger, 2003; Lebel et al., 2009).
However, the persistence of changes in streamﬂow and precipitation may  also compromise the ecosystem sustainability
in the Niger River Basin. For instance, insufﬁcient ﬂows are likely to affect water quality and cause impairment for aquatic life
(White et al., 2006). In the same manner, a decreasing streamﬂow in the Niger River, can be prejudicial for the communities
living in the arid and semi-arid parts of the basin (i.e., the Sahel). Actually, many of these communities rely primarily on the
water from the river and its tributaries. However, the alternatives for this dependence seem minor because the perspective
of using groundwater in the Sahel is compromising due to replenishment issue. In fact, in the Sahel, most of the aquifers are
fossil (Fontes et al., 1991), and the contribution of regular precipitation regime on groundwater recharge is insigniﬁcant.
In sum, the integrated approach applied in this study, successfully expounded pertinent alterations of streamﬂow and
precipitation across the Niger River Basin. These streamﬂow and precipitation anomalies may  be perceived as a feedback from
land-cover changes across the watershed. The magnitude of the alterations varied depending on the location and the seasons.
Nevertheless, several strategies including reforestation, may  help to mitigate the ongoing alteration trends of precipitation
and streamﬂow in the Niger River Basin. Indeed, Oguntunde et al. (2014) simulated the impacts of reforestation scenarios
on the Niger River Basin and reported potential increase of precipitation amount. This seems in phase with my ﬁndings
and I then suggest actions for ecosystem restoration and environment protection in the Niger River Basin. Nevertheless, the
contribution of this paper should be considered beyond the simple case study of the Niger River Basin, as the methodology
can be extended for a wider use in water resources and ecosystems management.
6. Conclusion
The integrated approach employed in the study yields a comprehensive painting for the ongoing changes in streamﬂow,
precipitation, and land-cover dynamics across the Niger River Basin. The results show that changes in precipitation and
stream discharges are partially the feedback of the land-cover degradation in the watershed. Actually, precipitation in the
Niger River Basin is primarily controlled by the West African monsoon circulation, for which the local evapotranspiration
represents a major source of moisture (Gong and Eltahir, 1996). In that scheme, environmental degradation affects evapo-
transpiration rate and subsequently inﬂuences the amount of precipitation. Likewise, changes in land-cover alter the rate
of interﬂow and the ﬂow regime. The joint analysis of trends in LAI, precipitation, and stream discharges shows relevant
connections. Finally, I reported an insightful relation between environmental degradation and hydrological alterations in the
Niger River Basin. The results are potentially useful and should improve strategies aiming a long-term social and environ-
mental stability in the Sahel region. The large majority of the communities established in the Niger River Basin, lives below
the poverty line (Ogilvie et al., 2010). The reliance on the Niger River for water is almost absolute for many of these commu-
nities. However, the large portion of the water ﬂowing in the Sahelian part of basin, originates from the up-stream. In that
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ituation, communities in the Sahel are vulnerable to hydrological and environmental changes occurring up-stream. There-
ore, the prospect for a wise water management in the catchment should probably prioritize ecosystem restoration in the
p-stream. However, the other parts of the watershed should not be neglected as feedbacks from atmospheric circulations
ust be beneﬁcial for the entire basin.
Despite the fact that the outcomes of this study are worthwhile for water security and sustainable development in
he study region, it is important to emphasize the practicability of the integrated approach developed in this paper. Actu-
lly, the methodology appears parsimonious and offers a promising alternative for achieving holistic assessments of water
ycle alterations at the scale of regional watersheds. However, the approach imbedded limitations since it addressed only
hree variables and did not consider speciﬁc hydromorphological parameters. Overcoming these limitations may  lead
o substantiate improvements. Therefore, an extension of the methodology to additional variables and the inclusion of
ydromorphological parameters, are encouraged.
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